The objective of this study was to evaluate the effect of dietary starch content and monensin (MON) on metabolism of dairy cows during early lactation. Before parturition, primiparous (n = 21) and multiparous (n = 49) Holstein cows were fed a common controlledenergy close-up diet with a daily topdress of either 0 or 400 mg/d monensin. From d 1 to 21 postpartum, cows were fed a high-starch (HS; 26.2% starch, 34.3% neutral detergent fiber, 22.7% acid detergent fiber, 15.5% crude protein) or low-starch (LS; 21.5% starch, 36.9% neutral detergent fiber, 25.2% acid detergent fiber, 15.4% crude protein) total mixed ration with a daily topdress of either 0 mg/d monensin (CON) or 450 mg/d monensin (MON), continuing with prepartum topdress assignment. From d 22 through 63 postpartum, all cows were fed HS and continued with the assigned topdress treatment until d 63. Cows fed HS had higher plasma glucose and insulin and lower nonesterified fatty acids (NEFA) than cows fed LS during d 1 to 21 postpartum. Cows fed LS had elevated early-lactation β-hydroxybutyrate (BHBA) compared with cows fed HS. Cows fed HS had greater insulin resistance and increased plasma haptoglobin in the early lactation period. There was no effect of MON on postpartum plasma NEFA. Cows fed MON had higher plasma glucose compared with CON cows, which was driven by a MON × parity interaction in which primiparous cows fed MON had greater plasma glucose concentrations than cows fed CON. Cows fed MON had lower plasma BHBA compared with CON, which was contributed to by a MON × parity interaction in which primiparous cows fed MON had lower BHBA concentrations than CON. Starch treatment had no effect on overall liver triglyceride content. Primiparous cows fed MON had increased liver triglyceride content compared with CON primiparous cows, and multiparous cows fed MON had decreased liver triglyceride content compared with CON cows. Multiparous cows fed LS with MON had higher liver glycogen content than multiparous cows fed the LS without MON, with no effect of MON treatment for multiparous cows fed HS. There was no effect of starch or MON treatment on liver capacity to oxidize propionate to CO 2 , and effects of starch on gluconeogenesis were not significant. Cows fed MON tended to have greater capacity to convert propionate to glucose than CON. Supplementation with MON increased the ratio of glucose to CO 2 , which indicated that cows fed MON had a greater propensity to convert propionate to glucose. Overall, cows fed more propiogenic diets in early lactation (high starch or monensin) exhibited improved energy metabolism during early lactation. Key words: early lactation , metabolism , starch , monensin
INTRODUCTION
Many postpartum metabolic disorders are the result of insufficient energy intake in the period immediately surrounding parturition. After calving, DMI is insufficient to support the high milk production of early lactation and results in a state of negative energy balance (EB), leading to greater mobilization of adipose tissue and release of NEFA into circulation to be metabolized by the liver (Drackley, 1999 ). Higher energy intake postpartum results in lower circulating NEFA (Andersen et al., 2004; Rabelo et al., 2005) and has been associated with improved health (Ospina et al., 2010) , performance (Andersen et al., 2003; Rabelo et al., 2003) , and less severe postpartum negative EB (Ingvartsen and Andersen, 2000) .
The fermentation of starch in the rumen favors production of propionate, which is the main precursor for hepatic glucose production, and supplementation with monensin (an ionophore) has been shown to increase ruminal propionate production (Armentano and Young, 1983) . It has been observed that cows fed higher-energy diets postpartum (Andersen et al., 2002 (Andersen et al., , 2004 Rabelo et al., 2005) and monensin during the peripartal period (Arieli et al., 2008; Duffield et al., 2008a) have improvements in postpartum energy metabolism.
The hepatic oxidation theory proposed by Allen et al. (2009) would suggest that feeding diets that promote greater ruminal propionate production (e.g., high in fermentable starch, monensin supplementation) during early lactation would be hypophagic and further exacerbate the state of negative EB due to the increased oxidation of propionate in the liver. However, it has been observed that cows fed more propiogenic diets have increased DMI in early lactation (Andersen et al., 2003; Rabelo et al., 2003; McCarthy et al., 2015) . The hypophagic effect of propionate is likely to be reduced in the immediate postpartum period because of the large increase in hepatic energy demands at the onset of lactation (Reynolds et al., 2003) . The increase in early-lactation NEFA mobilization (Vernon, 2005) and subsequent hepatic uptake of NEFA and mitochondrial β-oxidation of fatty acyl CoA to acetyl CoA provide substantial amounts of oxidative substrate, in addition to propionate, to the tricarboxylic acid cycle (Drackley et al., 2001) .
When there is an increase in propionate supply to the liver, early-lactation cows appear to have an increased propensity to convert the propionate to glucose rather than oxidize it (Drackley et al., 2001) . The rate of gluconeogenesis from [1- 14 C]propionate in liver slices from early-lactation cows are increased compared with the rate in liver slices from the same cows once they have reached mid-lactation (Aiello et al., 1989) . Drackley et al. (2001) found a positive correlation between carbohydrate intake in the immediate postpartum period with the efficiency of [1-14 C] propionate conversion to glucose in liver biopsy slices, which would suggest that the liver has the capacity to direct additional propionate toward glucose during early lactation.
Monensin has been shown to decrease the incidence of periparturient health disorders associated with negative EB and improve energy metabolism (Duffield et al., 2008b,c) . However, it is of interest to determine whether effects of monensin in fresh cows are independent of dietary starch content, as both will likely increase supply of propionate, leading to increased hepatic oxidative supply. The objectives of this study were to evaluate the effect of dietary starch content during the immediate postpartum period and monensin inclusion during the periparturient and early-lactation period on metabolic indices related to energy metabolism and in vitro hepatic gluconeogenesis. We hypothesized that increasing the starch content during the immediate postpartum period and feeding monensin throughout the periparturient period and into early lactation would increase hepatic gluconeogenesis as well as improve measures of energy metabolism.
MATERIALS AND METHODS

Animals and Dietary Treatments
All animal procedures were approved by the Cornell University Institutional Animal Care and Use Committee, and the experiment was conducted from March to October 2012. The experimental design and treatments were described more completely in the companion paper (McCarthy et al., 2015) . Briefly, the study was a completely randomized design with randomization restricted to balance for expected calving date of primiparous and multiparous cows and previous lactation 305-d mature-equivalent milk production for multiparous cows. A 2 × 2 factorial arrangement of postpartum treatments was used, with early-lactation period feeding strategy [high starch (HS) Diet ingredients are presented in Table 1 and nutrient composition is shown in Table 2 . Procedures and methods for feed sampling and analysis are detailed in McCarthy et al. (2015) . The topdress pellets were formulated to contain either 0 (CON) or 461 g/t monensin (MON) and were fed as a daily topdress at rates of 0.85 kg/d prepartum and 0.95 kg/d postpartum. The MON topdress was targeted to provide 400 mg/d prepartum and 450 mg/d postpartum. Cows continued to receive assigned topdress treatments through d 63 postpartum.
Plasma and Tissue Sampling and Analyses
Blood samples were collected via venipuncture of the coccygeal vessels using heparinized Vacutainer (Becton Dickinson, Franklin Lakes, NJ) tubes 1 h before feeding. Blood samples were collected 1×/wk prepartum beginning the week before commencement of prepartum topdress treatments, 3×/wk from calving through 21 d postpartum, and 1×/wk from d 22 to 63. Blood samples were placed on ice immediately following col-3353 lection, and plasma was harvested after centrifugation of the blood at 1,300 × g for 15 min at 4°C. Plasma was stored at −20°C until subsequent analysis for glucose, NEFA, BHBA, haptoglobin, and insulin. Plasma concentrations of glucose were determined by enzymatic analysis (glucose oxidase; protocol from kit 510-A; Sigma-Aldrich, St. Louis, MO) using commercial products (PGO Enzyme Preparation and o-dianisidine dihydrochloride, Sigma-Aldrich). Plasma concentrations of NEFA were also analyzed by enzymatic analysis [HR Series NEFA HR (2), Wako Pure Chemical Industries, Osaka, Japan]. Plasma concentrations of BHBA were analyzed by enzymatic analysis (BHBA dehydrogenase) using commercial products [nicotinamide adenine dinucleotide and Tris (hydroymethyl)aminomethane, Sigma-Aldrich; 3-hydroxybutyrate dehydrogenase, Roche Diagnostics Co., Indianapolis, IN]. Plasma concentrations of haptoglobin were only determined on d 1 to 15 plasma samples, and were analyzed by enzymatic analysis using a commercial kit that measures haptoglobin-hemoglobin complex by estimated differences in peroxidase activity (Haptoglobin Assay, kit no. TP801, Tridelta Diagnostics Ltd., Morris Plains, NJ). All spectrophotometric measurements were conducted using a Versamax tunable microplate reader (Molecular Devices, Sunnyvale, CA). Inter-and intraassay variation was maintained at <10% for all enzymatic assays. Plasma concentrations of insulin were determined by double-antibody RIA (Porcine Insulin RIA cat. no. PI-12K, Linco Research/Millipore, St. Charles, MO), with a reported specificity to bovine insulin of 90%. Inter-and intraassay coefficients of variation were 13.3 and 13.5%, respectively.
The revised quantitative insulin sensitivity check index (RQUICKI), a relative insulin sensitivity measure used in ruminants, was calculated as follows (Holtenius and Holtenius, 2007) :
such that a lower RQUICKI suggests greater insulin resistance.
and Liver Composition
Liver tissue (3-5 g) was sampled via percutaneous trocar biopsy (Veenhuizen et al., 1991) from cows under local anesthesia on d 7 (±4 d range; ±1.6 SD) relative to parturition. Biopsies were obtained from at least 7 multiparous cows and 4 primiparous cows from each treatment. After blotting the liver sample to remove excess blood and connective tissue, a portion of the sample was immersed in ice-cold PBS (0.015 M; 0.9% NaCl, pH 7.4) and transported to the laboratory within 45 min of tissue collection. The remaining portion of liver tissue that was collected was snap-frozen in liquid N and stored at −80°C until analysis for triglyceride and glycogen contents. Liver triglyceride content was determined using the Folch extraction method (Folch et al., 1957) followed by a colorimetric method based upon the Hantzsch condensation for estimating serum triglyceride (Fletcher, 1968) with modifications described by Foster and Dunn (1973) . Glycogen content of liver was determined according to the procedures described by Bernal-Santos et al. (2003) .
Hepatic capacities for conversion of [1- (final substrate concentration of 10 mM) to CO 2 and glucose were measured in triplicate flasks using tissue slices (60 to 80 mg) according to procedures described by Piepenbrink et al. (2004) . Tissue metabolism was terminated using 0.5 mL of 0.75 M H 2 SO 4 injected into the medium at either 0 (blanks) or 120 min of incubation. After termination of tissue metabolism, evolved CO 2 was collected on NaOH-soaked (0.1mL; 30% wt/ vol) filter paper in a hanging center well for 1 h in a shaking ice-water bath. After 1 h, flasks were uncapped and the filter paper was removed to a scintillation vial and dried overnight under moving air at 39°C. Ten milliliters of scintillation cocktail (Scintisafe Econo 2; Fisher Scientific, Pittsburgh, PA) was added to each vial and radioactivity was measured using liquid scintillation spectroscopy (2200 CA Tricarb Liquid Scintillation Analyzer, Packard Instrument Co., Meriden, CT). After uncapping the flasks and removing the hanging center well for measurement of CO 2 , the contents of each flask were processed for gluconeogenesis. An internal standard ([ 3 H] l-glucose, 0.055 μCi per flask; American Radiolabeled Chemicals Inc.) was added to the medium, and flasks were neutralized and deproteinized by additions of saturated Ba(OH) 2 solution. Radioactive glucose from media supernatants was isolated using an ion-exchange method of Azain and Kasser (1999) as modified by Piepenbrink et al. (2004) . Radioactivity was measured using dual-label liquid scintillation spectroscopy.
Statistical Analyses
Statistical computations were performed using SAS software (version 9.2; SAS Institute Inc., Cary, NC). Data were analyzed separately as wk −4 to −1 prepartum, d 1 to 21 (dietary treatment period), and wk 1 to 9 postpartum (duration of experiment). The 3×/wk sampling schedule from d 1 to 21 postpartum resulted in cows being sampled on different days relative to calving, thus 3-d average day intervals were calculated for these analyses. For weeks with multiple blood samples/week (wk 1 to 3), data were averaged to weekly means before wk 1 to 9 analyses. The prepartum model include the fixed effects MON treatment, parity, and the 2-way interactions. The random effect was cow nested within MON treatment. Postpartum data were analyzed as a completely randomized design with a 2 × 2 factorial arrangement of treatments. Fixed effects included starch content, MON treatment, parity, time, and all 2-way interactions. A prepartum covariate (week before starting topdress treatment) was used for all plasma glucose, NEFA, BHBA, insulin, and RQUICKI analyses. The random effect was cow nested within starch and MON treatment. Data measured over time were subjected to ANOVA using the REPEATED statement in the MIXED procedure of SAS (Littell et al., 1996) . For variables with measurements repeated over time, 4 covariance structures were tested: compound symmetry, heterogeneous compound symmetry, Chemcial composition was analyzed on 6 composite samples of the prepartum diet, 7 composite samples of the high-starch postpartum diet, and 6 composite samples of the low-starch postpartum diet.
2 HS = high-starch diet (26.2% starch) and LS = low-starch diet (21.5% starch). first-order autoregressive, and heterogeneous first-order autoregressive; the covariance structure that resulted in the smallest Akaike's information criterion was used (Littell et al., 1996) . Data not analyzed over time were subjected to ANOVA using the MIXED procedure of SAS (Littell et al., 1996) . Fixed effects included starch content, MON treatment, parity, and all 2-way interactions. The random effect was cow nested within starch and MON treatment. Degrees of freedom were estimated by using the Kenward-Roger option in the model statement. Statistical significance was declared at P ≤ 0.05 and trends were discussed at 0.05 < P ≤ 0.10, with the exception of the in vitro liver metabolism. Because a subset of cows was used for this analysis, trends were declared at 0.05 < P ≤ 0.15. Effects of parity, starch, and MON on occurrence of subclinical ketosis and health outcomes were analyzed by χ 2 test for each effect using the FREQ procedure of SAS (SAS Institute Inc., Cary, NC), with statistical significance declared at P ≤ 0.05 and trends discussed at 0.05 < P ≤ 0.15.
RESULTS
Prepartum Plasma Metabolites
The MON treatment had no effect on prepartum plasma metabolite concentrations for glucose, NEFA, BHBA, insulin, or RQUICKI (Table 3) .
Postpartum Plasma Metabolites
Postpartum plasma metabolite results are presented in Table 4 . Cows fed HS had higher plasma glucose concentrations than cows fed LS during d 1 to 21 postpartum (P = 0.003) and tended to have higher glucose during wk 1 to 9 (P = 0.06). We detected a starch × week interaction ( Figure 1A ; P = 0.007) during wk 1 to 9, such that cows that were fed HS had higher early-lactation plasma glucose concentrations compared with cows fed LS; however, LS cows maintained similar plasma glucose concentrations as HS cows after all cows were switched to the HS diet beginning on d 22 postpartum. Cows fed HS had lower plasma NEFA concentrations during both d 1 to 21 (P = 0.002) and wk 1 to 9 (P = 0.002) postpartum than cows fed LS. We detected an interaction of starch × week for wk 1 to 9 (Figure 2A ; P = 0.01) such that cows fed HS had lower plasma NEFA concentrations during wk 1, 2, and 3 compared with cows fed LS; however, there was no difference between treatments in plasma NEFA concentrations after cows fed LS started consuming the HS diet on d 22 postpartum. We detected a starch × parity interaction (P = 0.04) for wk 1 to 9 data, and primiparous cows fed LS had higher plasma NEFA than primiparous cows fed HS (503.3 vs. 361.3 μEq/L), but plasma NEFA concentrations in multiparous cows were similar between the 2 diets (average 393.6 μEq/L). During d 1 to 21, cows fed HS had lower plasma BHBA concentrations compared with cows fed LS (P = 0.03). We detected a starch × time interaction during both d 1 to 21 (P = 0.04) and wk 1 to 9 ( Figure 3A ; P = 0.02) because cows fed LS had elevated early-lactation BHBA concentrations compared with cows fed HS. Cows fed HS had greater insulin concentrations during both d 1 to 21 (P = 0.008) and wk 1 to 9 (P = 0.004; Figure 4A ). There was a tendency for a starch × parity interaction (P = 0.09) during wk 1 to 9 because primiparous cows fed HS tended to have larger increases in insulin concentrations than multiparous cows (0.32 vs. 0.21 ng/mL), with less difference between primiparous and multiparous cows fed LS (0.24 vs. 0.19 ng/mL). Cows fed HS had lower RQUICKI than cows fed LS during d 1 to 21 (P = 0.002) and tended to have lower RQUICKI during wk 1 to 9 ( Figure 5A ; P = 0.09). However, there was a starch × MON interaction (P = 0.02) for RQUICKI during d 1 to 21 such that cows fed HS and MON had a lower RQUICKI compared with cows fed HS without MON, and no differences for cows fed LS with or without MON. Cows fed HS had higher haptoglobin concentrations ( Figure 6A ; P = 0.04) during d 1 to 15 postpartum compared with cows fed LS. Cows fed MON during the transition period had higher plasma glucose concentrations than CON cows during both d 1 to 21 (P < 0.001) and wk 1 to 9 ( Figure  1B ; P = 0.005). There was a MON × parity interaction (P = 0.008) during d 1 to 21 such that primiparous cows fed MON had greater increases in plasma glucose concentration than did primiparous CON cows (62.0 vs. 54.2 mg/dL), with less difference in plasma glucose concentrations for multiparous cows fed MON and CON (54.1 vs. 52.4 mg/dL). Although we observed no effect of MON treatment on postpartum plasma NEFA ( Figure 2B ), cows fed MON during the transition period had lower plasma BHBA during d 1 to 21 (P = 0.002) and tended to have lower plasma BHBA during wk 1 to 9 ( Figure 3B ; P = 0.06) compared with CON cows. There was a MON × parity interaction (P = 0.03) during d 1 to 21 such that primiparous cows fed MON had larger decreases in BHBA than did primiparous CON cows (10.11 vs. 13.99 mg/dL) with less difference in plasma BHBA concentrations for multiparous cows fed MON and CON (10.04 vs. 11.33 mg/dL). There was a MON × day (P = 0.04) interaction for plasma insulin concentration during d 1 to 21, although differences were inconsistent and variable across the period studied. Plasma insulin for wk 1 to 9 is shown in Figure  4B . Whereas there was no overall effect of MON treatment on postpartum plasma RQUICKI concentrations ( Figure 5B ), we did detect a tendency for an interaction of MON × parity (P = 0.09) during d 1 to 21 for RQUICKI, although RQUICKI between MON and CON primiparous cows were similar (0.46 vs. 0.48), as was RQUICKI between MON and CON multiparous cows (0.52 vs. 0.51). There were no effects of MON treatment on postpartum plasma haptoglobin concentrations ( Figure 6B ).
Subclinical ketosis results are presented in Table 5 . Feeding HS during early lactation tended to result in fewer cows with 2 or more consecutive days of plasma BHBA ≥12 mg/dL (P = 0.15). The MON treatment resulted in a decreased percentage of cows with ≥1 days with plasma BHBA concentrations ≥12 mg/ dL (P = 0.02) and with ≥2 consecutive days with a plasma BHBA concentration ≥12 mg/dL (P = 0.009) compared with CON cows.
The frequency of occurrence of various health disorders is reported in Table 6 . However, because of the small population of cows studied, care should be taken in extrapolating these results. Health event occurrences did not differ greatly among dietary treatments; however, cows fed HS tended to have fewer cases of clinical ketosis (P = 0.15). Cows on the MON treatment had fewer cases of clinical ketosis (P = 0.03) and tended to have a greater incidence of retained placenta and dystocia (P = 0.10 for both) compared with cows receiving the CON topdress; however, there were only 3 cases each of retained placenta and dystocia. The 3 cases of dystocia occurred in primiparous cows (P = 0.02; parity effect).
Liver Composition
Results for postpartum liver composition are shown in Table 7 . We detected no effect of starch treatment on liver triglyceride content in biopsies taken on d 7 (±1.6 SD) postpartum. There was a MON × parity interaction (P = 0.05) such that primiparous cows fed MON during the transition period had increased liver triglyceride content compared with CON primiparous cows (6.1 vs. 3.7% of wet wt.), whereas multiparous cows fed MON had decreased liver triglyceride content compared with multiparous CON cows (6.1 vs. 9.4% of wet wt.). For liver glycogen, we detected a starch × MON interaction (P = 0.008), and cows fed LS with MON had higher liver glycogen content than cows fed LS without MON, with no effect of MON treatment for cows fed HS.
In Vitro Liver Metabolism
Results for in vitro liver metabolism are presented in Table 8 . Cows fed MON tended (P = 0.14) to have greater capacity to convert [1-14 C]propionate to glucose than CON cows. Cows fed MON had an increased ratio of glucose to CO 2 (P = 0.05), indicating that cows fed MON had a greater propensity to convert propionate to glucose. There were no effect of starch or MON treatment on liver capacity to oxidize [1-14 C]propionate to CO 2 , and the effects of starch on liver capacity to convert propionate to glucose and on the ratio of glucose to CO 2 were not significant. Primiparous cows had greater capacity to both oxidize [1-
14 C]propionate to CO 2 and convert [1-
14 C]propionate to glucose than did multiparous cows (P = 0.04 and 0.01, respectively).
DISCUSSION
We hypothesized that increasing starch content during the immediate postpartum period and feeding monensin throughout the periparturient period would increase hepatic gluconeogenesis and improve energy metabolism by increasing the amount of ruminal propionate available to the liver. During the weeks immediately following parturition, the increased glucose demands for milk production require homeorhetic adaptations to support both the increased energy demands of the mammary gland and peripheral tissue metabolism (Bauman and Currie, 1980 ). In the current study, cows fed HS maintained greater plasma glucose concentrations during early lactation than cows fed the LS diet. In the study of Andersen et al. (2003) , cows fed a higher-energy propiogenic diet (26.7% starch) had higher plasma glucose concentrations in early lactation compared with cows fed a low-energy diet (17.8% starch). Similarly, Rabelo et al. (2003) observed that cows fed a higher-energy propiogenic postpartum diet (47.2% NFC) had increased plasma glucose concentrations compared with cows fed a lower-energy diet postpartum (41.1% NFC). In the current study, because the cows fed MON continued with their topdress treatment for the duration of the study, they maintained higher plasma glucose compared with CON cows for the duration of the study, likely a result of increased propionate supply available to the liver. In the meta-analysis of Duffield et al. (2008b) , monensin treatment resulted in a 3.2% increase in plasma glucose concentration, and Arieli et al. (2008) similarly observed that cows treated with monensin had increased plasma glucose in the early postpartum period. Together, these data suggest that feeding more propiogenic diets (with increased starch content or monensin inclusion) increases plasma glucose concentrations. One homeorhetic adaptation that is used to help meet the postpartum energy demand is increased lipolysis of adipose tissue and mobilization of NEFA as an energy substrate (Vernon, 2005) . The uptake of NEFA by the liver is proportional to the concentration in the bloodstream (Reynolds et al., 2003) , and NEFA can be oxidized to generate reducing equivalents or ketone bodies, reesterified, and exported as triglycerides in very low density lipoproteins (VLDL), or they can accumulate within the liver as stored triglycerides.
Cows that consume less energy in early lactation will need to mobilize more NEFA to meet energetic needs. In the current study, cows that were fed HS in early lactation had higher early-lactation DMI, less negative EB (McCarthy et al., 2015) , and lower plasma NEFA concentrations compared with cows fed LS. However, other studies have observed no effect of early-lactation dietary energy content on NEFA mobilization (Andersen et al., 2004; Rabelo et al., 2005) . In the current study, the concurrent observations of increased plasma glucose and insulin concentrations for cows fed HS would indicate a decreased need for HS cows to mobilize adipose tissue compared with cows fed LS. Monensin treatment has also been shown to decrease circulating NEFA (Arieli et al., 2008; Duffield et al., 2008b) , although, in the current study, we detected no effect of MON treatment on plasma NEFA concentration. We did observe that cows fed MON had lower BHBA, likely from increased DMI (McCarthy et al., 2015) , increased gluconeogenic capacity, and decreased ketogenesis with MON treatment.
The partial oxidation of fatty acids to ketone bodies provides energetic substrate for the peripheral tissues, thereby sparing glucose for the mammary gland (Drackley et al., 2001) . However, when an increased supply of propionate is available to the liver, ketone synthesis is decreased (Drackley et al., 2001 ). This is likely because an increase in the concentration of succinyl CoA in the tricarboxylic acid cycle from increased propionate metabolism has inhibitory effects on 3-hydroxy-3-methylglutaryl CoA synthase synthesis (Zammit, 1990) , which is the rate-limiting step in ketone body synthesis. 
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The removal of oxaloacetate from the tricarboxylic acid cycle to phosphoenolpyruvate for gluconeogenesis is a cataplerotic reaction (Owen et al., 2002) . During gluconeogenesis, additional oxaloacetate must be supplied to condense with acetyl CoA to maintain tricarboxylic acid cycle function and generate ATP. During the early postpartum period, there is an increase in the activity of pyruvate carboxylase (Greenfield et al., 2000) , which is a key anaplerotic enzyme in the tricarboxylic acid cycle (Owen et al., 2002) . It is likely that additional oxaloacetate entering the tricarboxylic acid cycle during early lactation originates from amino acids and lactate. Although propionate likely supplies some oxaloacetate for oxidation, it is preferentially used for gluconeogenesis during this early lactation period (Drackley et al., 2001) . Andersen et al. (2002) reported increased capacity for palmitate conversion to CO 2 in liver slices from early-lactation cows fed more propiogenic diets compared with liver slices from cows fed less propiogenic diets, suggesting that feeding more propiogenic diets promotes more complete oxidation of acetyl CoA derived from mitochondrial β-oxidation of fatty acyl CoA. Accordingly, cows fed HS and cows fed MON in the current study had lower plasma BHBA concentrations in early lactation. Whereas both Andersen et al. (2004) and Rabelo et al. (2005) observed no difference between treatments for plasma NEFA, cows fed higher energy postpartum diets had lower plasma BHBA concentrations. Mullins et al. (2012) similarly observed that cows fed monensin had decreased plasma BHBA postpartum.
In the current study, we observed greater increases in plasma glucose and reductions in plasma BHBA for primiparous cows fed MON compared with multiparous cows fed MON; however, increases in early-lactation DMI and milk production were observed for all cows regardless of parity, as indicated by a lack of MON × parity interactions for these measures (McCarthy et al., 2015) . Relatively few other studies have evaluated the effects of parity with monensin treatment for comparison with the observations in the current study. Melendez et al. (2004) similarly observed greater reductions in plasma BHBA in primiparous cows administered a prepartum controlled-release capsule of monensin; however, milk and intake data were not reported. Arieli et al. (2008) studied primiparous cows and observed faster increases in early-lactation milk in both monensin treated primiand multiparous cows; however, they did not report monensin × parity interactions for plasma metabolites. Arieli et al. (2008) also noted that the cases of clinical ketosis treatment were lower in monensin-treated cows compared to controls (8 vs. 21%). In the current study, cows fed HS tended to have less subclinical ketosis than cows fed LS and cows fed MON had less subclinical ketosis and also had fewer clinical cases of ketosis, likely from increased propionate supply to the liver. Interestingly, ketotic cows may also have a reduced ability for β-oxidation of NEFA as indicated by decreased mRNA levels of carnitine palmitoyl-transferase (CPT)-I and decreased mRNA and protein levels of CPT-II, acylCoA dehydrogenase long chain, 3-hydroxy-3-methylglutaryl CoA synthase, and acetyl CoA carboxylase Health events for cows that remained in the final data set.
2 Disorders defined as follows: hypocalcaemia = cows that had decreased body temperature and were unable to stand were treated with calcium dextrose; ketosis = cows that had rapid decreases in milk production and DMI were checked with Precision Xtra (Abbott Laboratories, Abbott Park, IL) blood meter; readings ≥2.6 mmol/L were treated with dextrose and propylene glycol; displaced abomasum = movement of the fourth compartment of the stomach to a location on the right or left side of the cow and detected by auscultating a "ping" sound with finger percussion; retained placenta = cows that retained afterbirth for >24 h; dystocia = cows that had a calving ease score of >3; mastitis = cows with abnormal milk, or inflamed quarter were treated with antibiotics. at increasing serum BHBA concentrations (Li et al., 2012) , indicating further impairment in hepatic NEFA handling when ketone synthesis is elevated. Propionate is a potent insulin secretagogue, likely because propionate production increases rapidly following meal consumption (Brockman, 1990 ). In the current study, cows fed HS had increased plasma insulin concentrations. Andersen et al. (2004) and Rabelo et al. (2005) observed similar increases in plasma insulin for cows fed higher-energy propiogenic diets postpartum compared with cows fed lower-energy diets. In early lactation, the relatively low circulating insulin concentrations and peripheral tissue insulin resistance may help to attenuate the gluconeogenic contribution from other glucose precursors and increase liver glucose output (Drackley et al., 2001) . Postpartum cows decrease whole-body glucose oxidation to conserve glucose for milk lactose synthesis (Bell et al., 2000) . In the current study, cows fed HS had increased insulin concentrations and exhibited increased insulin resistance, as indicated by a lower RQUICKI. This increase in insulin resistance along with increases in early-lactation milk yield (McCarthy et al., 2015) would suggest a greater increase in glucose availability for the mammary gland in cows fed HS.
During the immediate postpartum period, there is an increase in inflammation (Sordillo and Raphael, 2013) . Cytokines that are produced by immune cells can elicit an inflammatory response and include the release of acute phase proteins from the liver, such as haptoglobin. Increased plasma haptoglobin is known to be a marker of postpartum inflammation in dairy cows (Humblet et al., 2006 ). In the current study, cows that were fed HS had elevated haptoglobin during the immediate postpartum period compared with LS cows, although, because haptoglobin is a nonspecific marker, the exact cause of this inflammation is unknown. However, because the HS diet in the current study was more fermentable than the LS diet (21.9 vs. 17.1% of DM as fermentable starch; McCarthy et al., 2015) , we speculate that cows fed HS might have been experiencing a state of postpartum ruminal transition, leading to increased inflammation and elevated haptoglobin concentrations. Penner et al. (2007) observed that primiparous cows experienced the occurrence of mild ruminal acidosis (5.8 < pH > 5.5) during d 1 to 5 postpartum that was greater than during the prepartum period, whereas Iqbal et al. (2010) observed increased haptoglobin concentrations in late-lactation cows that were fed starch that was more rumen degradable. Although cows fed HS had increased haptoglobin concentrations in the current study, the overall effects of HS diet in the current study on production performance (McCarthy et al., 2015) and energy metabolism were positive.
The bovine liver has limited capacity for triglyceride export compared with that of monogastric animals (Chilliard, 1993) , and the export of triglycerides is a rate-limiting step in hepatic NEFA metabolism. Some lipid accumulation in the liver during the periparturient period seems to be a normal adaptation to lactation (Grum et al., 1996) ; however, excess liver triglyceride accumulation has been shown to decrease the ability of the hepatocyte to synthesize urea (Strang et al., 1998) . The consequent increase in liver ammonia might decrease glucose synthesis from propionate (Overton et al., 1999 ). In the current study, we found no effect of starch content on liver triglyceride content, although Andersen et al. (2004) observed that cows fed higher-energy propiogenic diets had decreased liver triglyceride content. Although elevated hepatic triglyceride accumulation in transition cows has been shown to have negative effects on gluconeogenesis in multiparous cows, the effect of triglyceride content in primiparous cows may not be as deleterious. In the current study, primiparous cows fed MON had increased liver triglyceride content compared with CON primiparous cows, although overall metabolism and energy balance would indicate positive effects of MON treatment on primiparous cows. The observed increase in plasma glucose concentration with MON treatment was driven mainly by a MON × parity interaction, and we observed a decrease in plasma BHBA concentration with MON, which was again mainly driven by decreases in primiparous cows. The MON-treated primiparous cows likely had more glucose synthesis and decreased ketone body synthesis. However, we did not observe any treatment difference in plasma NEFA concentration, so it is likely that there was no difference in uptake of NEFA by the liver. Because there was likely less hepatic ketone synthesis in MON-treated primiparous cows, more of the NEFA taken up by the liver was likely reesterified into triglyceride. Because VLDL export is the rate-limiting step in hepatic fatty acid export, MON-treated primiparous cows likely had increased triglyceride accumulation in the liver. Mullins et al. (2012) observed no difference in postpartum liver triglyceride content, although cows fed monensin had increased CPT-1 mRNA abundance immediately pre-and postpartum, indicating that perhaps cows fed monensin had increased capacity to oxidize fatty acids, as the entry of fatty acyl CoA into the mitochondria is regulated by CPT-I and is a major control point in the mitochondrial β-oxidation of fatty acids (Drackley, 1999) . This would be in accordance with the observations of Andersen et al. (2002) : that the increased hepatic supply of propionate from feeding diets of greater propiogenic capacity resulted in increased capacity for in vitro conversion of palmitate to CO 2 .
In experiments using labeled isotopes, the [1-14 C] propionate label randomizes in the tricarboxylic acid cycle such that every mole of [1-14 C] propionate that is directed toward oxaloacetate would yield 0.5 moles of radiolabeled CO 2 and 0.5 moles of radiolabeled glucose (Knapp et al., 1992) . Therefore, any increase in this ratio of labeled glucose to CO 2 would suggest an increase in the efficiency of utilization of propionate for gluconeogenesis. In the current study, cows treated with monensin had an increase in the ratio of glucose to CO 2 , likely from an increase in propionate supply, indicating an increased propensity to convert propionate to glucose with increased propionate supply. It appears that in the early-lactation cow, when there is an increase in propionate supply to the liver, there is an increased propensity to convert propionate to glucose rather than oxidize it (Drackley et al., 2001) . The rates of gluconeogenesis from [1-
14 C]propionate in early-lactation liver slices are increased compared with rates in liver slices from the same cows once they have reached mid lactation (Aiello et al., 1989) . Drackley et al. (2001) observed a positive correlation between carbohydrate intake in the immediate postpartum period with the efficiency of [1-
14 C]propionate conversion to glucose in liver slices, which would suggest that the liver has the capacity to direct additional propionate toward glucose during this time. In the current study, starch had no effect on the ratio of glucose to CO 2 . However, because we biopsied cows at d 7 (±1.6 SD) postpartum and increases in DMI in HS cows were not observed until d 14 (McCarthy et al., 2015) , starch intake had likely not increased sufficiently at the time of biopsy. Although in vitro [1-14 C]palmitate metabolism was not measured in the current study, Andersen et al. (2002) observed that cows fed higher-energy propiogenic diets in early lactation had increased capacity in vitro for conversion of palmitate to CO 2 compared with cows fed lower-energy diets. Increased mitochondrial β-oxidation of fatty acyl CoA would generate ATP to support increased gluconeogenesis from propionate.
CONCLUSIONS
Overall effects of feeding a higher-starch diet on metabolism appear to be positive, as shown by increased plasma glucose and insulin concentrations and decreased plasma NEFA and BHBA concentrations in early lactation. Cows fed monensin during the peripartal period had an increased propensity to convert propionate to glucose in vitro as well as increased concentrations of plasma glucose and reduced concentrations of plasma BHBA, resulting in reduced subclinical ketosis. In conclusion, cows fed more propiogenic diets during the early-lactation period from either increased starch content or inclusion of monensin had improved postpartum energy status.
